Higher Energy Composite Fermion Levels in the Fractional Quantum Hall Effect 
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Even though composite fermions (CPs) in the fractional quantum Hall liquid are well established, 
it is not yet known up to what energies they remain intact. We probe the high-energy spectrum of 
the 1/3 liquid directly by resonant inelastic light scattering (ILS), and report the observation of a 
large number of new collective modes. Supported by our theoretical calculations, we associate these 
with transitions across two or more CP levels. Pormation of quasiparticle levels up to high energies 
is direct evidence for the robustness of topological order in the fractional quantum Hall effect. 

PACS numbers: 



Collective states of matter have proved enormously 
important both because of the conceptual structures 
they reveal and the role they play in technological in- 
novation. The fractional quantum Hall (FQH) liquid, 
which emerges as a result of interactions between elec- 
trons when the dimensionality is reduced to two and 
the Hilbert space is further restricted by application of 
an intense magnetic field [l] , represents a cooperative 
behavior that does not subscribe to concepts such as 
Bose-Einstein condensation, diagonal or off-diagonal 
long range order, and Landau order parameter. It is 
the realization of a topological quantum state of mat- 
ter, the understanding of which has influenced devel- 
opment in a wide variety of fields, such as topological 
insulators, cold atoms, graphene, generalized particle 
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PIG. 1: (a) Schematic description of the light scattering 
set-up. ujl and ujs are the frequencies of the incident laser 
photons (L) and of the scattered photons (S). (b) Optical 
emission at z/=l/3 (Bt=8.0 T, 70 mK). The two peaks, 
labeled Si and Tb are two of the fundamental optical ex- 
citons of the GaAs quantum well; tuning the incident pho- 
ton energy close to one of these peaks produces a resonance 
enhancement of ILS intensities. 



statistics, quantum cryptography, and more [2| 

Neutral excitations provide a window into the 
physics of the FQH liquid. Early theoretical treat- 
ments of the lowest neutral collective mode of the FQH 
state at i^=l/3 employed a single mode approximation 
[8J, as well as exact diagonalization studies on small 
systems [ol, and showed a minimum in the dispersion, 
which, following the terminology used in superfluid 
Helium, is called a "magneto-roton." Subsequently, 
the collective modes at this and other fractions were 
understood in terms of CFs, quasiparticles that result 
from a binding of electrons and an even number of 
quantized vortices [loj- Despite their complex collec- 
tive character, CFs act as almost free particles insofar 
as the low energy behavior is concerned [1]. They ex- 
perience an effective magnetic field and form their own 
Landau-like levels, which are called "A levels." (The 
CP "A levels reside within the lowest electronic Lan- 
dau level.) The neutral excitations are described as 



inter- A- level exciton collective modes of CFs jlll-ll4j, 
in close analogy to the electronic collective modes of 
the integral Hall states. 

We report the excitation spectrum of the FQH fluid 
at i^=l/3 in an unexplored energy range. Our main 
finding is the existence of several well defined collec- 
tive modes at energies substantially exceeding those 
of the highest before reported spin-conserving (SC) 
and spin-flip (SF) modes 15- 1^- Further, we provide 
compelling evidence, supported by a detailed compar- 
ison between theory and experiment, that these neu- 
tral modes represent a new family of excitations in- 
volving CP transitions across several A levels. The 
direct experimental observation of the integrity of A 
levels at energies far above the Fermi energy demon- 
strates that CFs are more robust than previously 
thought, bolstering the expectation that the quasipar- 
ticles of other topological states of CFs, such as the 
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FIG. 2: ILS spectra of excitations at z/=l/3 as a function of the energy shift (with total magnetic field Bt =8.0 T, and 
a tilt of 30^). The energy is shown in units of e^/el on the top scale, where / is magnetic length and e, the dielectric 
constant of GaAs. The upper panels show peaks of several modes for certain selected incident photon energies. The 
lower panel contains a color plot of the intensities of both (a) "low energy" and (b),(c) the novel high energy modes. 
The vertical lines mark the positions of the collective modes. The symbols, explained in the text, identify the modes 
with excitations of CFs across several A levels, both with and without spin reversal. 



nonabelian quasiparticles of the Pfaffian state at 5/2 
d, will also have comparably robust character. 

The collective excitations of the FQH systems are 
measured by ILS. The experiments are performed in a 
backscattering geometry with windows for direct opti- 
cal access to the sample, as shown in Fig. la. The 2D 
electron system studied here is formed in an asymmet- 
rically doped, 33 nm wide GaAs single quantum well 
(QW). The electron density is n=5.6x lO^^cm"^, with 
mobility, /i=7x lO^cm^Vs at T=300 mK. Samples are 
mounted on the cold finger of a dilution refrigerator 
with a base temperature of 40 mK that is inserted into 
the cold bore of a 17 T superconducting magnet. The 
energy of the incident photons, ujl^ is continuously 
tunable to be close to singlet (Si) and triplet (Tb) 
fundamental optical transitions of the_GaAs, seen in 
emission spectra shown in Fig. [TJd [15]. The power 
density is kept below 10~^Wcm~^. Scattered light is 
dispersed by a Spex 1404 double Czerny Turner spec- 
trometer with holographic master gratings. Spectra 
are acquired by optical multichannel detection. The 
combined resolution of the system is about 20/ieV. 
Spectra can be taken with the linear polarization of 
00 L parallel (polarized) or perpendicular (depolarized) 
to the detected scattered photon polarization. 

The wave vector transferred from the photons to the 
2D system is q = {2ujl/c) sin6>, much smaller than 1//, 
where \=^?ic/eB is magnetic length. However, weak 
short-range disorder induces a breakdown of wave vec- 



tor conservation 15, 17, lH, 20|, which allows ILS to 
detect the critical points in the exciton dispersion, 
such as the rotons, because of van Hove singularities 
in the density of states at these energies. 

The intensity of the ILS at i^=l/3 is displayed in 
Fig. [2]as a function of the energy transfer uo = uol—ojs- 
Each peak indicates the presence of a collective mode. 
The collective mode energies are marked by vertical 
lines [2H. The previously observed modes lie at ener- 
gies below ~1 meV, as seen in Fig. [2^. The striking 
feature of the spectra shown in Fig. [2]3 and ^ is the 
existence of several new modes up to 1.6 meV, the 
largest energy exchange accessed in our experiments. 

It is natural to interpret these new modes in terms 
of excitations of CFs across K levels, referred to below 
as "level-K excitons." Previous experiments at = 
1/3 had reported only level- 1 SC excitons and level-0 
SF excitons [11, [13, 0, [is^ . Level-2 and level-3 CF 
excitons were recently investigated theoretically [2^] in 
the context of the splitting of the 1/3 collective mode 
at small but nonzero wave vectors [23]. Because the 
modes may also involve spin reversal, we adopt the no- 
tation in which we denote the level- spin-conserving 
modes by and the level-i^ spin-flip modes by 

A^^. The superscript indicates the position of the 
mode: we have a = for the zero wave vector mode, 
a = 00 for the large wave vector limit, and a =R for 
a roton mode. Identifications of the various modes 
shown on Fig. [2] are based on the analysis below. 
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FIG. 3: Schematic diagram of CF excitons accompanied 
by theoretical calculations of their dispersions, (a) The 
right panel shows pictorially the SC excitations |0,t) 
\K,^) across K A levels. The left panel shows the spin- 
flip modes |0,t) l^ii) (b) Calculated dispersions of 
CF excitons for a 35 nm wide GaAs QW with an electron 
density of 5.0 x 10^° cm~^. The right (left) panel shows the 
dispersions for SC (SF) modes. The error bar at the end of 
each curve represents the typical statistical uncertainty in 
the energy determined by Monte Carlo method. Critical 
points in the dispersion are labeled. 



The dispersions of the SC and SF excitons are ob- 
tained by the method of CF diagonalization (without 
Landau level mixing and disorder) [iB]. For a more 
accurate comparison, we have included here two re- 
alistic effects: The finite width modification of the 
interaction is incorporated via a self-consistent local 
density approximation. We also allow A level mix- 
ing by considering the five lowest energy CF excitons. 
A combination of these two effects results in a 20 % 
reduction of the energy of the level-2 and level-3 ex- 
citons, and a smaller (~ 10 %) reduction in the en- 
ergy of the level- 1 exciton. Figure [3] shows the full 
theoretical dispersions of the CF exciton branches for 
SC and SF modes. To avoid clutter, only the low- 
est three branches are shown. The calculations are 
performed for 200 (100) particles for SC (SF) modes 
and reflect the thermodynamic behavior. The three 
dispersion curves indicated in Fig. [SJd are assigned as 
level-0, level- 1 and level-2 for SF modes and level- 1, 
level-2 and level-3 for SC modes, in order of increasing 
energy. The residual interaction between CFs in prin- 
ciple mixes the different "unperturbed" level-K exci- 
tations; however, the modes do not mix significantly 
at large g/, which allows us to continue to use the 
level-K nomenclature even for mixed modes. Figure 
m shows a comparison of the CF excitons with exact 
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FIG. 4: Comparison of CF excitons with exact diagonal- 
ization results (in spherical geometry) for eight particles 
at zy = 1/3. The red stars show the CF exciton dispersions 
for the lowest three SC branches for this system as a func- 
tion of the total orbital angular momentum L. The exact 
spectra are taken from Ref . . The area of each black 
rectangle is proportional to the normalized spectral weight 
under the state; larger spectral weight implies greater in- 
tensity in ILS. The level- 1 and level-2 CF excitons closely 
trace lines of high spectral weight; it is possible that still 
higher modes will become identifiable in the exact spectra 
for larger systems. The other states in the exact spectrum 
are interpreted as made up of multiple excitons, which are 
expected to couple less strongly to light. 



diagonalization studies on a finite system. 

Level- 1 SC modes and level-0 SF modes have been 



identified in previous experiments [l5|, [iTI, |23| . Of in- 
terest here are the higher lying modes. We proceed 
by sorting the experimental values of the new modes 
in ascending order and match them up with theoreti- 
cal values. The resulting comparison between theory 
and experiment is shown in Fig. [5l The theoretical 
results for the energies of level- 1 excitons are in ex- 
cellent agreement with the experimental results. The 
only exception is the long wavelength collective mode 
A^;l, for which the discrepancy is closer to 35%, but 
a ~20% agreement is achieved when screening of the 
single exciton by two-roton excitations is taken into 
account |26|]. This correction, not included in the cal- 
culation shown in Fig. [3l is incorporated in Fig. [5l 

It is significant that mode energies predicted by the- 
ory agree to within 0.2-0.3 meV with measured ener- 
gies, which translates into a better than 20% agree- 
ment. It should be stressed that a similar level of devi- 
ation between the theoretical and experimental values 
of the excitation energies has been found in the past 
for other excitations, and attributed to disorder. We 
judge the overall comparison between theory and ex- 
periment to be good, and take it as a strong support of 
the identification of the high energy collective modes 
ranging from about 1.0 meV to 1.6 meV in terms of 
transitions of CFs into higher levels. 

We note that due to the presence of a large number 
of modes, sometimes two or more modes happen to lie 
at very nearby energies, and thus may not be resolved 
in our experiments. For example, for SC modes, the 
energy of the level-3 roton overlaps with the small 
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FIG. 5: Comparison between experimental energies (from 
Fig. [21 red circles) with theoretical CF exciton energies 
(from Fig. [S] blue stars), organized according to the level 
of the excitation. The identification of experimental modes 
is explained in the text. The discrepancy between theory 
and experiment, less than 0.2-0.3 meV, is presumably due 
to disorder. Estimated error bars for the experimental 
values are shown, unless smaller than the symbol size. 



q {ql ~ 0.6) critical point of the level-2 exciton (see 
Fig. [Sb). As another example, the small q {ql ~ 0.8) 
critical point of the level-3 exciton overlaps in energy 
with the large wave vector limit of the level-3 exciton. 
When encountering such a situation, we have, for sim- 
plicity, arbitrarily assigned one of the possible labels 
to the observed mode (A^ and A^, respectively, for 
the above two cases). The assignment remains tenta- 
tive in such cases, and more sensitive experiments in 
the future may reveal further finer structure. 

Our work sets the stage for further investigations 
in other FQH states in GaAs, and also in other 2D 
systems, such as graphene, where the FQH physics 
is in its infancy [J, |5[. The high energy excitations 
should also be accessible to other experimental meth- 
ods such as optical absorption [2 7] and time domain 
capacitance spectroscopy [28j; these probes are likely 
to provide important further insight into the physics 
discussed above. 
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